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Abstract. This study demonstrates the high spectrum efficiency of DC offset single-carrier 
frequency division multiplexing (DC-SC-FDM) for underwater optical wireless 
communications (UOWC). I and Q components were separately transmitted using dual 
lasers. As a result, the requirement of Hermitian symmetry is alleviated, and the 
computation time latency is reduced. The Gram–Schmidt orthogonalization procedure 
was adopted to address the I and Q orthogonality. The system comprises a 1024-point 
inverse fast Fourier transform (IFFT), a cyclic prefix of 32 samples, and a digital-to-analog 
converter (DAC) of 400 Msps, and laser diodes possess a wavelength of 553 nm with a 
power of 150 mW. The study includes real transmissions in a freshwater communication 
channel and reports experimental results. In addition, the bit error rate has been evaluated. 
The results show that at the forward error correction (FEC) limit, a communication 
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Fig. 1. DCO-SC-FDM for underwater communication systems using duo lasers. 
1. Introduction 
 
Underwater communication systems based on visible 
light (VL) have been in demand for a decade. This new 
communication scheme aims to achieve low latency and 
high data rates [1] in underwater communication systems. 
In addition, high-definition video (HDV) is required for 
remotely controlled vehicles (ROVs) and autonomous 
underwater vehicles (AUVs), which require high data 
rates. However, traditional schemes, e.g., acoustic 
communication, are very difficult to achieve, owing to 
the limited transmission speed of 1.5 km/s of the 
acoustic signals, as reported in [2]. 
Underwater communication systems based on blue 
laser diodes (LDs) have been extensively investigated [3-
5]. The transmission speed and capacity are better than 
those of traditional systems that use radio frequency (RF). 
In particular, when advanced modulation formats, e.g., 
orthogonal frequency division multiplexing (OFDM), are 
employed, the spectrum efficiency can be obtained, and 
the performance is superior to single-carrier (SC) 
communications, such as those applying pulse amplitude 
modulation (PAM) [6]. OFDM has several advantages 
over the SC. The main feature is that the intersymbol 
interference (ISI) is resolved by appending the cyclic 
prefix (CP), where the CP has to be longer than channel 
response taps. OFDM can insert pilot tones to lean the 
communication channel. This results in a simple 
implementation at the receiver part. However, a 
significant challenge is the high peak-to-average power 
ratio (PAPR), which makes the system prone to 
nonlinear distortion [7-8].  
Single-carrier frequency division multiplexing (SC-
FDM) exhibits a similar advantage to OFDM; however, 
the PAPR can be significantly reduced compared with 
OFDM [9].  In general, a DC offset (DC) is used to drive 
lasers; it can be known as DC-SC-FDM. Moreover, SC-
FDM can be simply implemented in hardware 
components, requiring only an extra IFFT/FFT when 
compared with the conventional OFDM. Hermitian 
symmetry is employed when the SC-FDM is used in 
underwater communication systems, as detailed in [9]. 
Therefore, the spectrum efficiency has been reduced. In 
recent times, there have been studies on schemes free of 
Hermitian symmetry, where the spectrum efficiency is 
improved. In particular, Azim et al. [10] showed that the 
Hermitian symmetry free for optical SC-FDM in visible 
light communication (VLC) can be removed by 
sequentially sending I and Q components: first the real 
component and then the imaginary component. In this 
case, the processing time increased. As a result, the 
spectrum efficiency is the same as that of the traditional 
one. In [11-12], non-orthogonal multiple access (NOMA) 
for a VLC system without Hermitian symmetry was 
proposed. The scheme is similar to that of [9], and the 
real and imaginary components are sequentially 
transmitted. As a result, the system suffers from low-
spectrum efficiency.  
In this study, a new high-spectrum-efficiency 
transmission scheme without Hermitian symmetry and 
with a low PAPR modulation format is proposed for 
underwater communication systems. Moreover, it is 
known as dual laser diode (LD) DC-SC-FDM, where the 
I and Q components are separately transmitted using 
dual LDs. This is a novel investigation. In addition, I and 
Q orthogonal issues are compensated based on a Gram–
Schmidt orthogonalization procedure (GSOP) [13]. The 
investigation was performed in real-world transmissions 
in a fresh underwater channel and analyzed offline using 
MATLAB ®. 
 At the transmitter side, the DC-SC-FDM symbol is 
pre-generated offline and saved into read-only memory 
(ROM) inside the field-programmable gate array (FPGA), 
while the received DC-SC-FDM symbol is saved in the 
oscilloscope and analyzed using MATLAB®. Lasers of 
wavelength 553 nm and power 150 mW were used.  The 
experimental results show that the PAPR for the DC-SC-
FDM is only 6.44 dB, and a communication distance of 
10 m can be achieved at the forward error control (FEC) 
limit of 2.8 × 10-3. 
 
2. Description of DCO-SC-FDM for UIWC 
 
In this section, SC-FDM for underwater optical 
wireless communication systems are presented and 
described, where non-Hermitian symmetry and high 
spectrum efficiency are achieved. Figure 1 illustrates the 
system. 
At the transmitter part, the bit stream is fed into a 
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QAM mapper, where a group of bits is mapped into M-
ary QAM symbol s, where M  is the constellation size. 
The QAM symbols are converted to the frequency 
domain using fast Fourier transform (FFT). Then, 
subcarrier mapping based on inverse FFT (IFFT) is 
implemented, where interleaved FDM subcarrier 
mapping is used. It has exhibited the lowest PAPR [8]. In 
this study, an IFFT size of 1024N is assumed. 
Therefore, to implement all the subcarriers, we have 
considered the inner FFT size to be N/2.  Next, the 
output values of all the inner FFTs are converted to the 
time domain using the outer IFFT, and the CP appears 
as follows. The subcarrier mapping is expressed as   
 
 * * *
0 1 /2 1 /2 1 /2 2 00, ,0, ...,,0, ,0, ,0, ,...,0, ,N N Ns s s s s sX    (1) 
 
where X is the vector input for outer IFFT. After 
considering IFFT, the output is denoted by ifft( ).x X  
x  is a complex number, which is included in phase, 
denoted by I, and the quadrature part is denoted by Q. 
Next, the CP is added to the head to prevent ISI. In this 
study, I and Q components are separately transmitted 
using dual LDs as signals denoted by ( )Ix n  and ( )Qx n , 
respectively.  
At the receiver part, as illustrated on the right-hand 
side of Fig. 1, the received light signal is converted to an 
electrical signal using an avalanche photodiode (APD). 
The received electrical signals of the I and Q components 
are ( )Iy n  and ( )Qy n , respectively, which are obtained 
using 
 




 ( ) ( ) ( ) ( ),Q Q Q Qy n x n h n z n                   (3) 
 
where  denotes a linear convolution operator. For the I 
and Q components, ( )Ih n  and ( )Qh n  denote channel 
responses, and ( )Iz n  and ( )Qz n  are the additive white 
Gaussian noise (AWGN) with zero mean and variance of 
z , respectively. Next, GSOP is followed. Let us define 
the pairs of GSOP sets for I, denoted as ( )oIy n , and Q 




I I Iy n y p .                              (4) 
 
Here, 2 ( )I Ip E y n , where E  stands for average 
operator and 
 
'( ) ,oQ Q Qy n y p                            (5) 
 
where
'2 ( )Q Qp E y n and  
' ( ) ( ) ( ) ( ) ( )Q Q I Q I Iy n y n E y n y n y n p .        (6) 
 
The received signals are combined: 
( ) ( ) ( )o o oI Qy n y n jy n . Applying FFT, we obtain 
 
( ) ( )
( ) ( )




o o o o o
I I Q Q
Y k FFT y n
FFT y n jFFT y n
X k H k j X k H k Z k
,    (7) 
 
where oY  is the received signal after applying the GSOP, 
and ( ) ( ) ( )o o oI QZ k Z k jZ k  is the AWGN noise. 
( )oIH k  and ( )
o
QH k  are channel responses, which are 
considered to be the same because they are installed very 
close to each other. Therefore, ( ) ( ) ( )o o oI QH k H k H k ; 
this is a real number [10]. Eq. (7) can be rewritten as 
 
 
( ) ( ) ( ) ( ) ( )o o o o oI IY k H k X k jX k Z k .            (8) 
 
All of these equations are explained in the frequency 
domain. 
 
3. Channel Estimation and Compensation  
 
In this study, for channel estimation, the pilot-aided 
method was used to learn channel information. As a 
result, the estimated channel responses, denoted by ( )H k , 
can be extracted by dividing the received signal based on 







( ) ( )
( )
( )
( ) ( ) ( ) ( )
,




pY k Xp k
H k
Xp k
Xp k H k Xp k Z k




         (9) 
 
where ( )pY k  is the received pilot signal and ( )Xp k  is the 
transmitted known pilot signal. Next, to remove the 
channel impairment of the received signal by considering 
the conjugate and multiplying it back to the received 









                                 (10) 
 
( )Y k  where is the estimated symbol. Therefore, based 
on Eq. (10), if ( ) ( )H k H k  is assumed, the estimated 
symbols at the received signal are given by 
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Fig. 2. Experimental setup of UOWC SC-FDM communication systems. 
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.        (11) 
4. PAPR Description  
 









            (12) 
 
where s n   denotes the arbitrary waveforms of OFDM 
and SC-FDM  signals in the time domain.  is the 
absolute value, and   E  denotes the expectation 
calculation. Moreover, a PAPR is measured based on the 
complementary cumulative distribution function (CCDF), 
which is given by  
 




P   is the probability that PAPR exceeds a particular 
value of  . In addition, the PAPR performance 
comparison is presented in [9]. The results showed that 
SC-FDM exhibited the best performance in terms of 
PAPR reduction.  
 
5. Experimental Setup 
 
This section details the proposed I and Q 
components separately transmitted using dual LDs for 
the SC-FDM. The SC-FDM transmitter (Tx) and receiver 
(Rx) are shown in Fig. 1, while the experimental setup is 
shown in Fig. 2.  At the transmitter part, SC-FDM 
symbols are pre-generated in a digital format using 
MATLAB@. The first two symbols are used as pilot 
symbols to learn the underwater channel and phase 
rotation, as shown in Eqs. (9) and (10). The digital signal 
is converted to an analog signal at an update rate of 400 
Msps based on a dual data rate. Dual blue–green light 
lasers with a power of 150 mW were used. In addition, 
an outer IFFT size of 1024 with 32 samples of CP was 
employed, and 8-QAM and 16-QAM were considered to 
be used in each subcarrier.  
As the LDs required only zero and positive, the 
analog time domain SC-FDM signal must be offset by 
Bias-Ts (ZFBT-4R2GW+). The optimum bias point, to 
avoid the nonlinearity region, as shown in [8, 12, 14], is 
5.2 V. The received light was converted to an electrical 
signal by APD (Hamamatsu CD5658) with a bandwidth 
of 1 GHz. The received electrical signals of I and Q were 
saved into an oscilloscope (DSOS604A) and analyzed 
using MATLAB@. The fresh water tank of 0.5 m × 2 m 
× 0.7 m was used. In addition, the bit error rate (BER) is 
used as a system performance metric, where the 
communication distance is considered. In addition, the 
distance was extended by mirrors on both sides of the 
tank.  
 
6. Experimental Results 
 
In this section, the experimental results of SC-FDM 
with I and Q separately transmitted using dual lasers for 
UOWC are presented. As shown in Fig. 3, the BER of 8-
QAM against distances is studied, and the SC-FDM and 
OFDM are compared. OFDM has the same setup as SC-
FDM. A communication distance of 8 m can be achieved. 
In addition, the BER of the SC-FDM is slightly the same 


















            
 
Fig. 3. BER performance comparison of SC-FDM and 
OFDM for 8-QAM. 
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as that of the conventional OFDM. This confirms that 
there is no general loss. Next, the QAM orders of 8-
QAM, 16-QAM, and 32-QAM at a distance of 6 m are 
studied. The BERs of 5.6 × 10-4, 7.1 × 10-4, and            
2.5 × 10-3 are achieved. The constellations are shown in 
Fig. 4. 8-QAM is clear, and it gets worse for 16-QAM 
and 32-QAM. However, 32-QAM can be achieved, 
where the BER is below the FEC limit. Moreover, the 
curve shows that the BER increases when the distance 
increases beyond the FEC limit.  
Finally, the PAPR results of OFDM and SC-FDM at 
the Rx are 11.13 and 6.44 dB, respectively. This signifies 
a considerable improvement in nonlinearity impairment 
owing to LDs. Although the SC-FDM comprises more 
operations of implementation in hardware than the 





This study proposed dual lasers to separately 
transmit I and Q components for DC-SC-FDM 
underwater optical communication systems. As a result, 
Hermitian symmetry can be free, and the spectrum 
efficiency is improved, when compared with 
conventional schemes. This is a new study. The system 
performance was experimentally demonstrated using a 
real fresh underwater communication channel. The 
OFDM symbol was pre-generated using MATLAB@ 
and saved into the FPGA. A DAC speed of 400 Msps 
was considered. Blue–green-light lasers with a power of 
150 mW were employed. The number of subcarriers was 
1024, each modulated by 8-QAM, and 32 CP samples 
were obtained. The results show that a communication 
distance of 10 m can be achieved at the FEC limit. In 
addition, a PAPR reduction of 4.96 dB was achieved 
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